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a  b  s  t  r  a  c  t

Seed  dormancy  studies  in  Physaria  are  still limited  to date.  To  further  understand  this  trait  as  well  as  the
after-ripening  response  in  these  new  crop  taxa,  we  sampled  different  seed  lots  of  genebank  conserved
accessions  and  natural  populations  of Physaria  fendleri  (syn.  Lesquerella  fendleri)  and  Physaria  gordonii
(syn.  L.  gordonii)  in  the  U.S.  Southwest.  We  subjected  seeds  from  the  natural  populations  to  different  after-
ripening regimens,  storing  them  over two  saturated  salt  solutions  (LiCl  and  MgCl2) to  equilibrate  seed
moisture  levels,  at three  storage  temperatures  (5,  25,  and  35 ◦C)  for various  lengths  of  time  (4,  8,  and  12
weeks)  and  then  germinated  the  seeds  at different  temperatures  (constant  24 ◦C and  alternating  15/25 ◦C),
ladderpod
eed dormancy
eed pretreatment

while  seeds  from  the  conserved  accessions  to 4 and  12  weeks  storage  at  MgCl2 and  at  an  alternating
15/25 ◦C. Results  obtained  from  the populations  indicate  significant  differences  for  total  germination
among  storage  durations  and  between  germination  treatments.  In  contrast,  no significant  difference  in
total germination  was  found  for  seeds  of the  conserved  accessions  between  storage  durations,  even  with
gibberellic  acid  supplementation.  We  further  explored  possible  associations  of  the  observed  germination
responses  to  climatic  data  and  other  parameters  recorded  from  the  natural  populations.
. Introduction

Seed after-ripening is necessary to allow seed embryos to
vercome dormancy during the development process. The after-
ipening process occurs during a period of dry storage of freshly
arvested mature seeds, and is essential in releasing dormancy and

n promoting germination (Finch-Savage and Leubner-Metzger,
006; Carrera et al., 2008). Understanding what conditions and fac-
ors can influence seed germination behavior during after-ripening,
s well as those that can break seed dormancy, has been the focus of
umerous studies in new oilseed species (Widrlechner and Kovach,
000), staple crops (Veasey et al., 2004; Baskin and Baskin, 1998),
nd weed species (Foley, 2008). Recent studies also have focused on
lucidating the genetic regulatory networks controlling this trait,
or example the discovery of after-ripening-regulated genes in the

odel species Arabidopsis (Carrera et al., 2008) and transcriptional

etworks that regulate dormancy (Gao et al., 2012).

Lesquerella (Physaria fendleri (A. Gray) O’Kane & Al-Shehbaz) is
mong the new oilseed crops native to the U.S. and Mexico. It is

∗ Corresponding author at: USDA-ARS, National Center for Genetic Resources
reservation, 1111 S. Mason Street, Fort Collins, CO 80521, USA. Tel.: +1 9704953265.

E-mail address: david.dierig@ars.usda.gov (D.A. Dierig).
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a predominantly outcrossing species with self-incompatibility and
limited interspecific hybridization (Dierig et al., 2001). Lesquerella
is being developed for commercial cultivation due to its unusual
hydroxy fatty acid (HFA) seed content. P. fendleri (also known as
Lesquerella fendleri) seeds contain lesquerolic HFA, rendering its oil
to have similar properties to castor oil. In addition, a number of
other valuable uses of lesquerella have been identified including
as a potential source of seed meal for livestock feed, and seed coat
gum which can serve as a thickening agent for food and industrial
products (Dierig et al., 2011; Wu  and Hojilla-Evangelista, 2005).
Native to the U.S., the species also has documented importance in
traditional medicine practices of Native Americans as a cure for
various ailments (Elmore, 1944; Swank, 1932).

Because lesquerella is a relatively new cultivated crop, stud-
ies on seed dormancy and after-ripening are still limited though
there have been experiments on seed dormancy of other related
Physaria species (Baskin and Baskin, 1990, 2000). Similar to other
Brassicaceae such as oilseed rape, the effect of seed storage regi-
mens on lesquerella seed dormancy has not been well investigated
(Naeem et al., 2009). The few germination studies in lesquerella

include testing the effects of environmental factors such as light
and germination temperature (Bass and Clark, 1973; Bass et al.,
1966). More recently, we have tested recommended germination
protocols prescribed for P. fendleri to see if they can be extended

dx.doi.org/10.1016/j.indcrop.2012.12.018
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
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1 ops an

t
v
t
w
g
p
p
n
e
m
I
m
s
L
p
e
f
h
t
t
s
U
h
c

2

2

c
T
n
P
b
g
a
t
e
d
r
p
S

c
d
o
l
(
a
S
a
a
D
c
C
w
W
(
o
(
p
t
(
2

92 V.M.V. Cruz et al. / Industrial Cr

o other Physaria species (Cruz et al., 2012). However, our pre-
ious conclusions only apply to seeds from the ex situ genebank
hat were freshly harvested from regenerated plants. In this study
e investigated whether various storage regimens affected the

ermination of seeds that were freshly collected from natural
opulations. We  likewise explored whether variables from the
lants’ parental environment correlate with subsequent germi-
ation response of lesquerella seeds. The effect of the parental
nvironment on seed germination is a poorly understood area for
any plant species, and no previous report was found for this taxa.

n other plant species, the effect of the parental environment to ger-
ination has been ascribed to changes in seed size and mass that

ubsequently affect resource allocation (Susko and Cavers, 2008;
uzuriaga et al., 2006; Galloway, 2001), or direct changes in pro-
ortion of germinants to avoid competition for limited water (Zeng
t al., 2010). Lastly, we compared the germination response of seeds
rom the wild populations to those that are conserved ex situ and
ave been in cold storage for more than 5 years. Findings from
his study are expected to provide additional information about
he seed dormancy and after-ripening behavior of Physaria and
hould have utility in the conduct of germplasm management in the
.S. National Plant Germplasm System (NPGS), as well as for seed
andling and propagation of breeding materials during lesquerella
ultivar development.

. Materials and methods

.1. Natural populations

Plants from P. fendleri and Physaria gordonii populations were
ollected in June 2010 from eight localities in New Mexico and
exas where natural populations were found during prior recon-
aissance trips in April 2010 (Table 1). Natural plant populations of
. fendleri and P. gordonii were observed to differ greatly in size and
iomass and reproductive development and assigned to different
roups. Plants in both groups of the two species attained maturity
lmost at the same time during seed collecting. This characteris-
ic of Physaria populations has been previously reported by Cabin
t al. (1997b). We  analyzed germination from small plants (<3 g
ry weight) and large plants separately. P. gordonii is a very close
elative of P. fendleri and the two were taxonomically separated
rimarily due to differences in trichome morphology (Rollins and
haw, 1973).

Various parameters associated with the population sites were
ollected. The plant density was estimated by examining three grid-
ed areas per site (each grid was 3.72 m2) and the average number
f plants present was determined. The area occupied by the popu-
ation, as well as the spatial population distribution were recorded
Smith and Smith, 2001). Soil samples were taken from each site
nd sent to the Soil, Water and Plant Testing Laboratory at Colorado
tate University, Fort Collins, CO for routine soil testing and sodium
dsorption ratio (SAR) analyses. The following parameters from
mmonium bicarbonate-diethylene triamine penta acetic acid (AB-
TPA) soil tests were obtained: organic matter (%), pH, electrical
onductivity (EC), concentration (ppm) of NO3-N, P, K, Zn, Fe, Mn,
u, and SAR. Additional soil data (such as available water supply and
ater content at various soil depths) were downloaded from the
eb Soil Survey of the U.S. National Resource Conservation Service

USDA-NRCS, 2011). Climatic data for each collection site were
btained from the PRISM Climate Group of Oregon State University
http://www.prism.oregonstate.edu), including precipitation, tem-

erature, and dewpoint data for 2009 and 2010. The monthly mean
emperature was used to compute seasonal growing degree days
GDD) assuming that all sites shared the growing period of October
009 to June 2010. The GDD were computed using the below
d Products 45 (2013) 191– 199

formula with 2.2 ◦C as base temperature (Tbase) and 30 ◦C as the
ceiling temperature (Dierig et al., 2012). The maximum tempera-
ture (Tmax) was reset to 30 ◦C if it was  above the ceiling temperature,
while the minimum temperature (Tmin) was reset to the base tem-
perature, if below 2.2 ◦C. The temperature mean daily range (MDR)
for each site was determined by subtracting the 2 year (2009–2010)
average low temperature from the average high temperature.

Seasonal GDD =
October∑

June

((
Tmax + Tmin

2

)
− Tbase

)
(Days in month)

From each population, whole mature plants were harvested and
dried to enable the biomass of individual plants to be assessed.
The siliques were processed to extract the seeds, and the plant
harvest index and 1000-seed weight estimated. The seeds were
initially cleaned by hand sieving and by using a seed blower (New
Brunswick General Sheet Metal Works, New Brunswick, NJ). The
remaining debris was manually removed as well as the green seeds.
Green seeds of lesquerella usually fail to germinate although they
are already at the mid-maturation stage of seed development (Chen
et al., 2009). Seeds from small plants were separately processed and
bulked independently of those from large plants.

For the dormancy and after-ripening assay, samples from each
population were used in a factorial experiment which included
species, plant size, storage temperature (5, 25, and 35 ◦C), seed
moisture content as provided by saturated salt solutions (MgCl2
and LiCl), storage duration (4, 8, and 12 weeks), and germination
regimen (constant 24 ◦C, and alternating 15/25 ◦C both with light
for a 12 h daily period) as factors. Seeds were stored over the salt
solutions in sealed 500 ml  wide-mouth jars (Nalgene, Rochester,
NY) to equilibrate seed moisture. At the different storage temper-
ature, MgCl2 produces relative humidities (RH) between 32.5 and
34.6%, while LiCl between 11.7 and 14.0% (Wexler and Hasegawa,
1954). After each storage duration, the seed moisture contents of
the samples were determined. To estimate moisture content, fresh
seed weight was compared to weight after drying at 103 ◦C for 17 h
(ISTA, 1999) using the formula: (FW − DW)/FW × 100, where FW is
the fresh weight and DW is the dried weight.

Seed samples from the natural population sites were parti-
tioned into three replicates, each replicate having a minimum
of 50 seeds, and planted in clear plastic germination plates
(11.25 cm × 11.25 cm × 2.5 cm)  on blue blotter papers (Anchor
Paper Co., St. Paul, MN). The blotters on the germination plates were
moistened with distilled water containing 2 ml/L plant preservative
mixture (PPM) (PhytoTechnology Labs., Shawnee Mission, KS). PPM
does not affect the rate of germination and was  used to help prevent
or minimize the growth of bacteria and fungus because of the long
duration of the germination study (Guri and Patel, 1998). The plates
were randomized and placed in two incubators (Percival Scientific
Inc., Perry, IA), one set at constant 24 ◦C, and another set with alter-
nating temperature (15/25 ◦C) in 12 h cycle. Both incubators had
light (2408 lx) for 12 h corresponding to the high temperature cycle
of the set at 15/25 ◦C. The blotter papers were remoistened with dis-
tilled water as needed during the duration of the experiment. Seeds
with visible protrusion of radicle of about 1 mm from the seed coat
(equivalent to the seed diameter) were considered germinated and
were removed from the plates each observation period until the
last day of the study. The germinations were recorded daily to 45
days after planting (DAP).

2.2. Conserved accessions
Seeds from different seed lots of four conserved accessions pre-
viously used by Bass et al. (1966) were obtained from the USDA-ARS
National Arid Land Plant Genetic Resources Unit, Parlier, CA. The

http://www.prism.oregonstate.edu/
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Table  1
Locations of collection sites of Physaria species and associated population parameters and seasonal growing degree days.

Site Acc no. State County Long Lat Elevation (m)  Population area (m2) Plant density (plant/m2) GDDa

P. fendleri
1 PARL 859 NM Socorro −106.91 34.13 1424 988 1.39 5211
3 PARL  860 NM Lincoln −105.97 33.73 1666 1643 3.85 4920
4  PARL 861 NM Eddy −104.43 32.91 1041 1466 11.71 5814
12 PARL  869 TX Culberson −104.81 30.94 1208 473 2.78 6272
13  PARL 870 TX Presidio −104.03 30.31 1444 315 0.95 6078
15  PARL 871 TX Pecos −102.91 30.90 929 700 1.21 6569
19  PARL 874 TX Jeff Davis −104.17 30.79 1668 773 3.68 5669

P.  gordonii
1141
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6 PARL 863 TX Hudspeth −105.11 31.74 

a Seasonal GDD from monthly mean temperature values (October 2009–June 201

ifferent seed lots represented samples from various regenera-
ion periods and have been in cold storage from four to more
han 10 years (Table 2). The seeds were prepared and subjected
o treatments following the study design used for seeds of natu-
al populations with the same number of replicates and number
f seeds per replicate, but limiting the storage periods to 4 and
2 weeks, at MgCl2, and incubation at 15/25 ◦C only, due to small
uantity of available seeds. The seeds were germinated in plates
ither with or without an aqueous solution of 100 ppm gibberellic
cid (GA3).

.3. Statistical analysis

The general analyses of variance using arcsine transformed
ermination data, specific contrasts, and computation of pair-
ise correlations among soil-related, climate-related and plant and
opulation-related quantitative variables were done using JMP  v.7
SAS Institute, Cary, NC). The time to 50% germination (t50) of viable
eeds, and time between 25% and 75% germination (U7525) indicat-
ng germination uniformity were computed using the Germinator
oftware’s curve fitting module v. 1.02 (Joosen et al., 2010).

. Results and discussion

.1. Natural populations

The soils where the populations were collected generally have
 sandy clay texture, alkaline nature (pH = 8.1 ± 0.1) with very low
rganic matter (1.7 ± 0.7%), very high lime estimates (>2%), and an
verage SAR of 0.66. The populations sampled were located on ele-
ations from 929 to 1668 m,  with occupied areas of 315 to 1643 m2.
he plant density in each population was sparse (1–12 plant/m2)
nd the plants often exhibited a clumped spatial dispersion pat-
ern (Table 1). The population sites had a computed seasonal GDD
anging from 4920 (site 3 in Lincoln county, NM)  to 6569 (site 15
n Pecos county, TX), with an average GDD of 5846. The tempera-
ure mean daily range (MDR) varied from 15.39 ◦C (site 15 in Pecos
ounty, TX) to 19.68 ◦C (site 6 in Hudspeth county, TX), with an

verall average of 17.80 ◦C. The MDR  was determined to have a
light negative association with GDD, which is expected for a con-
inental climate and reflects the huge temperature difference in the
reas considered (plot not shown).

able 2
vailable passport information of the conserved Physaria accessions used by Bass et al. (1

Acc no. Species State County S

PI 279650 P. fendleri NM – O
PI  293016 P. fendleri TX Hudspeth O
PI  299142 P. gordonii AZ – 2
PI  302490 AZ Pima O

a Seed lots noted as ‘original’ do not have available information on the actual year of se
 1597 1.26 6234

We  were not able to determine the proportion of small to large
plants in each population, only for the plants we  collected. The con-
trasting plant sizes noted in each of these populations may  have
resulted from differential germination, varying growth rate due to
habitat variation or plant vigor, or a result of having a significant
portion of the population being kept in soil seed banks. Seed banks
of lesquerella have been reported by other studies, are hypothe-
sized to function as an insurance policy to ensure survival during
extreme environmental conditions, and there were indications that
the seed bank populations could be genetically different from the
above ground populations (Evans and Cabin, 1995; Cabin, 1996).
It remains to be determined whether the small and large plants
we collected are genetically distinct groups. Tissue samples were
stored for a future genotyping study.

3.1.1. Comparison among plant sizes, biomass and species and
corresponding germination response based on respective
groupings

The average whole plant dry weight of large plants from the
wild populations was  12.41 g, while for the small plants was  1.54 g
(Table 3). These plant dry weights are considerably lower than those
of improved Physaria varieties, which can have up to 60–80 g dry
weight as reported by Dierig et al. (2006).  The highest average plant
dry weight was recorded on plants from site 6 (31.32 g) followed by
site 15 (20.75 g) and site 4 (17.32 g). The site with the lowest aver-
age plant dry weight was site 6 (0.48 g) followed by site 3 (0.76 g).
Significant differences were found, using t-tests comparing large
and small plant dry weights, on all sites except sites 15 and 19. The
computed harvest index of large plants ranged from 0.05 to 0.14 in
plants from sites 3 and 12, respectively. In contrast, the computed
harvest index of small plants ranged from 0.01 to 0.14 in plants
from sites 4 and 6, respectively. Only from site 4 was a significant
difference between harvest index of large and small plants found,
suggesting that the plant productivity was affected in this native
population by plant sizes. In terms of 1000 seed weight, there was
no significant difference between large and small plants. On the
average, 1000 seeds from large plants weigh 0.54 g, while those

from small plants 0.51 g. The heaviest seeds from large plants were
from sites 19 and 12 with 0.65 g and 0.61 g per 1000 seeds, respec-
tively, while for small plants the heaviest were from site 12 with
0.59 g per 1000 seeds.

966) and specific seed lots used representing different harvest periods.

eed lots useda Other ID/info

riginal, 2002, 2004, 2005 Barclay 998
riginal, 2002, 2003, 2005 19992
000, 2006, 2008
riginal, 2002, 2003, 2006, 2005 Mixture of P. gordonii and P. palmeri

ed increase but was the oldest among the seed lots used.



194 V.M.V. Cruz et al. / Industrial Crops and Products 45 (2013) 191– 199

Table 3
Comparison between dry weight, harvest index and 1000 seed weight of large and small plants in the natural populations.

Site Plant dry weight (g) Harvest index 1000 Seed weight (g)

Large plants Small plants Large plants Small plants Large plants Small plants

P. fendleri
1  10.12 ± 1.03a 2.85 ± 0.57b 0.10 ± 0.02a 0.12 ± 0.06a 0.53 ± 0.06a 0.41 ± 0.11a
3  13.21 ± 1.32a 0.76 ± 0.12b 0.05 ± 0.01a 0.05 ± 0.01a 0.55 ± 0.01a 0.55 ± 0.04a
4 17.32 ±  3.54a 1.77 ± 0.31b 0.09 ± 0.03a 0.01 ± 0.00b 0.50 ± 0.04a 0.53 ± 0.04a
12 5.40  ± 0.70a 0.90 ± 0.15b 0.14 ± 0.02a 0.11 ± 0.05a 0.61 ± 0.01a 0.59 ± 0.06a
13  6.68 ± 1.00a 2.15 ± 0.52b 0.11 ± 0.01a 0.08 ± 0.01a 0.49 ± 0.05a 0.46 ± 0.04a
15  20.75 ± 7.55a 1.81 ± 0.89a 0.12 ± 0.03a 0.12 ± 0.06a 0.53 ± 0.04a 0.48 ± 0.01a
19  7.49 ± 2.13a 0.79 ± 0.14a 0.05 ± 0.02a 0.11 ± 0.05a 0.65 ± 0.04a 0.51 ± 0.04a

P.  gordonii
6 31.32 ±  6.16a 0.48 ± 0.13b 0.12 ± 0.02a 0.14 ± 0.05a 0.49 ± 0.01a 0.50 ± 0.05a

Mean 12.41 ±  0.97a 1.54 ± 1.18b 0.10 ± 0.01a 0.09 ± 0.01a 0.54 ± 0.02a 0.51 ± 0.02a

N ences 
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ote: Values are mean and standard error. Different letters denote significant differ
,   ̨ = 0.05.

The analysis of variance did not reveal any significant differ-
nce between germination parameters (% total germination, t50,
nd U7525) of seeds from small plants compared to those from
arge plants (Table 4). Looking at comparisons between plant sizes
n each site for germination however, significant differences were

ound between seeds from the size groups in three of the eight sites
sites 1, 3 and 6). Seeds from large plants in these sites had higher
otal germination (Table 5). Sites 1 and 3 have lower seasonal GDD
alues than the other sites and further study of collections from

able 4
nalysis of variance summary for germination parameters of freshly-harvested Physaria s

Sourcea DF Sum of squares 

Total germination
S  7 4.913 

P  1 0.009 

SL 1 0.008 

ST  2 0.346 

GT 1 0.446 

SD  2 5.254 

SL  * ST 2 0.665 

SL  * GT 1 0.099 

SL  * SD 2 0.134 

ST  * GT 2 0.038 

ST  * GT 4 2.087 

GT  * SD 2 0.657 

t50

S 7 883.539 

P  1 10.113 

SL  1 21.527 

ST  2 77.406 

GT  1 148.937 

SD  2 175.254 

SL  * ST 2 31.090 

SL  * GT 1 47.431 

SL  * SD 2 49.245 

ST  * GT 2 70.544 

ST  * GT 4 47.567 

GT  * SD 2 169.664 

U7525

S 7 857.565 

P  1 12.330 

SL  1 24.878 

ST  2 98.277 

GT  1 292.782 

SD  2 334.237 

SL  * ST 2 25.492 

SL  * GT 1 14.227 

SL  * SD 2 44.314 

ST  * GT 2 138.826 

ST  * GT 4 122.040 

GT  * SD 2 201.185 

a S: site, P: plant size, SL: saturated salt, ST: storage temperature, GT: germination tem
on germination values from seeds of large and small plants per site using Student’s

these sites in subsequent seasons is recommended to gather addi-
tional data on variability from different years of seed production
(Andersson and Milberg, 1998). If this is found to be consistent, the
size groups in these populations may  exhibit differential fitness
due to disparities in total seed germination. In native plants, vari-

ation in seed dormancy is ecologically significant and may  result
in contrasting ecotypes following many generations of selection
and altered life history (Casas et al., 2012; Allen and Meyer, 2002;
Templeton and Levin, 1979).

eeds from natural population sites.

Mean square F ratio Prob > F

0.702 17.652 <.0001
0.009 0.220 0.639
0.008 0.195 0.659
0.173 4.353 0.0135
0.446 11.210 0.0009
2.627 66.064 <.0001
0.333 8.366 0.0003
0.099 2.491 0.115
0.067 1.679 0.188
0.019 0.477 0.621
0.522 13.121 <.0001
0.329 8.263 0.0003

126.220 18.884 <.0001
10.114 1.513 0.219
21.527 3.221 0.074
38.703 5.790 0.0033

148.937 22.283 <.0001
87.627 13.110 <.0001
15.545 2.326 0.099
47.431 7.096 0.0080
24.623 3.684 0.0260
35.272 5.277 0.0055
11.892 1.779 0.132
84.832 12.692 <.0001

122.509 10.872 <.0001
12.330 1.094 0.296
24.878 2.208 0.138
49.139 4.361 0.0134

292.782 25.982 <.0001
167.118 14.830 <.0001

12.746 1.131 0.324
14.227 1.263 0.262
22.157 1.966 0.141
69.413 6.160 0.0023
30.510 2.708 0.0300

100.592 8.927 0.0002

perature, SD: storage duration.
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Table  5
Observed percent germination of seeds collected per site and comparison between seeds from varying plant sizes of P. fendleri and P. gordonii.

Site Percent germinationa

Overall mean Large plants Small plants

P. fendleri
1 37.26 ± 2.90 43.35 ± 3.85a 31.17 ± 4.16b
3 48.10 ±  3.69 60.83 ± 2.94a 35.00 ± 6.14b
4 19.37 ±  2.97 16.35 ± 2.49a 22.40 ± 5.40a
12 62.01 ± 2.56 58.10 ± 3.40a 65.92 ± 3.75a
13  49.84 ± 3.45 50.28 ± 4.92a 49.40 ± 4.90a
15  54.84 ± 3.49 54.29 ± 4.15a 55.38 ± 5.68a
19  50.48 ± 3.04 54.14 ± 4.11a 46.52 ± 4.46a

P.  gordonii
6 26.89 ± 2.79 37.31 ± 3.86a 16.46 ± 3.22b

 ± 1.7
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Mean  43.27 ± 1.24 46.13

a Values are mean and standard error. Different letters denote significant differen
 = 0.05.

The mean germination observed following harvest, considering
ll samples from the populations, was 43.27%. The low observed
otal germination in freshly harvested mature seeds from natural
opulations indicates the presence of dormancy, reported to be
ommon in seeds of many weedy species (Taylorson and Brown,
977; Cabin et al., 1997b).  Among the seeds from the populations,
hose from site 12 (Culberson county, TX) were observed to have
he highest percent germination with 62.01%, while seeds from
ite 6 (Hudspeth county, TX) had the lowest with only 26.89%
Table 5). Plants from site 6 are of P. gordonii and seeds of this species
ere observed to have more pronounced dormancy than P. fend-

eri, which is consistent with observations in previous studies (Cruz
t al., unpublished data).

.1.2. Effect of different seed moisture contents and storage
emperatures on the germination parameters

The average moisture content of Physaria seeds at the start of
he experiment was estimated to be at 5.34%. After 4 weeks of
torage, this decreased to 4.18% and 5.15% when placed over LiCl
nd MgCl2, respectively. The average seed moisture continued to

ecrease when stored over LiCl while remained relatively constant
t MgCl2 (Table 6). The final average seed moisture after 12 weeks
f storage over LiCl ranged from 3.13 to 4.49%, while 4.75 to 5.78%
n MgCl2.

able 6
alculated Physaria seed moisture content (MC) in the different seed storage
arameters.

Storage period
(week)

Saturated salt Storage
temperature (◦C)

Moisture
content (%)

0 5.34
4 MgCl2 5 5.42

25 5.19
35 4.85

LiCl 5 4.79
25 4.08
35 3.66

8 MgCl2 5 5.42
25 4.86
35 4.81

LiCl 5 4.74
25 3.62
35 3.83

12 MgCl2 5 5.78
25 5.11
35 4.75

LiCl 5 4.49
25 3.52
35 3.13
4a 40.39 ± 1.75b

 germination values from seeds of large and small plants per site using Student’s t,

The total germination of seeds stored at LiCl was found to be
significantly lower compared to those stored at MgCl2 (39.19% vs.
47.32%), considering all storage temperature regimens (Table 7). In
addition, it took significantly longer for seeds stored at LiCl to reach
50% germination (t50 = 5.87 vs. 4.66 days in MgCl2), and with less
uniform germination as indicated by U7525 values (4.18 vs. 3.23 days
in MgCl2). Only in samples from sites 1, 6, and 12 were significant
differences in the total germination detected, sites 1 and 4 on t50,
and sites 4 and 19 on U7525.

Segregating the data based on storage temperature, there were
marked differences in total germination among the temperature
regimens. Values observed from seeds stored at 5 ◦C and 35 ◦C were
significantly different from those stored at 25 ◦C. The average total
germination of seeds from these storage temperatures were 45.28%
(5 ◦C), 37.48% (25 ◦C), and 46.99% (35 ◦C). The t50 values among the
three storage temperatures were significantly different: 6.22 days
(5 ◦C), 5.36 days (25 ◦C), and 4.17 days (35 ◦C). In contrast, only
the U7525 values of seeds stored at 35 ◦C are significantly different
from those at 5 and 25 ◦C, the U7525 values being 4.35 (5 ◦C), 4.07
(25 ◦C), and 2.68 (35 ◦C). The higher average germination observed
when seeds were stored at 35 ◦C indicates that warm tempera-
ture is very effective in breaking dormancy in Physaria. The results
parallel those found for leafy spurge, where the most effective after-
ripening treatment was at 30 ◦C storage (Foley, 2008). This likewise
mirror the warm conditions in natural habitats of Physaria where

seeds are dispersed from the plant in late spring and then exposed
to summer temperatures before germination in the fall.

Table 7
Average values of total germination, t50, and U7525 of lesquerella seeds from natural
populations at the different storage and germination regimens.

Total germination t50 U7525

Saturated salt
LiCl 39.19a 5.87a 4.18a
MgCl2 47.32b 4.66b 3.23b

Storage period (week)
4  39.52a 6.49a 5.58a
8  34.38a 5.58b 3.79b
12  55.32b 3.88c 1.94c

Storage temperature (◦C)
5  45.28a 6.22a 4.35a
25  37.48b 5.36b 4.07a
35 46.99a 4.17c 2.68b

Germination temperature (◦C)
24 35.13a 5.90a 4.40a
15/25 51.41b 4.69b 3.10b
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Table 8
Detailed comparison of total seed germination of the collected Physaria after seed
storage at 4, 8 and 12 week periods.

Site 4 weeks 8 weeks 12 weeks

P. fendleri
1  47.37 ± 3.16a 20.45 ± 4.00b 43.96 ± 5.77a
3  55.12 ± 5.97a 35.02 ± 6.95b 53.61 ± 5.64a
4  12.82 ± 2.83a 10.58 ± 3.60a 34.72 ± 6.74b
12  57.60 ± 3.40a 52.76 ± 4.52a 75.67 ± 3.97b
13 34.52 ±  5.29a 46.71 ± 5.48a 68.29 ± 5.16b
15 38.08 ±  5.19a 53.76 ± 5.95b 74.17 ± 4.68c
19 43.20 ± 4.05a 45.75 ± 4.44a 61.86 ± 6.24b

P.  gordonii
6  23.90 ± 3.62a 18.71 ± 4.58a 38.05 ± 5.40b

Mean 39.52 ± 2.05a 34.38 ± 2.04a 55.32 ± 2.04b
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ote: Values are mean and standard error. Different letters denote significant differ-
nces on germination values comparing the various storage durations per site using
tudent’s t,  ̨ = 0.05.

.1.3. Comparison of germination parameters between the two
ermination temperatures

There were significant differences in total germination
etween germination assays conducted at alternating temper-
tures (15/25 ◦C) and constant temperature (24 ◦C). Individual
omparisons in each group indicate that the final germination was
ignificantly higher when lesquerella seeds were germinated at
5/25 ◦C than at constant 24 ◦C (51.41% vs. 35.13%) (Table 7). The
esults support previous findings that an alternating temperature
egimen is needed to break seed dormancy in lesquerella (Bass et al.,
966). An alternating germination temperature is usually effective

n breaking seed dormancy because it simulates the correspond-
ng diurnal variation in soil temperature (Batlla et al., 2007; Holm
t al., 1997; Martinez-Ghersa et al., 1997). In addition to the higher
otal germination at 15/25 ◦C, seeds germinate in less time and the
ermination occurs in a more uniform manner as indicated by sig-
ificantly lower values of t50 (4.69 days vs. 5.9 days in 24 ◦C) and
7525 (3.10 days vs. 4.4 days in 24 ◦C).

.1.4. Effect of storage duration on germination
Comparison of the overall germination response after the three

torage periods indicated that germinations after 12 week being
ignificantly higher to those stored at 4 and 8 weeks. The aver-
ge germination after 12 week storage for all sites combined was
5.32% compared to that from shorter storage durations with
9.52% (4 weeks) and 34.38% (8 weeks) (Table 7). This posi-
ive response to after-ripening parallels the observations on a
elative Physaria species, Physaria ludoviciana, where increased ger-
ination rates were observed after 6 months of after-ripening

Jernegan-Grant et al., 2008). It likewise support the idea that
hysaria seeds have a non-deep physiological dormancy (Offord
nd Meagher, 2009; Baskin and Baskin, 2004).

Regarding specific comparisons within sites, improvement in
otal germination after 12 weeks of storage was observed in seeds
rom all sites except on seeds from sites 1 and 3 (Table 8). The high-
st germination after 4 weeks of storage was in seeds from site 12
57.60%). The poorest performance at 4 weeks was in seeds from
ite 4, with only 12.82% of the seeds germinating. At 8 weeks of
torage, the highest germination was observed in the seeds from
ite 15 (53.76%), while the lowest was from site 4 (10.58%). After
2 weeks of storage, the highest germination was again observed

n seeds from site 12 (75.67%) among those from the other sites.
he number of wild populations with seeds exhibiting germina-

ions above 50% totaled two at 4 weeks (sites 3 and 12), two  at 8
eeks (sites 12 and 15), and increased significantly to seven after

2 weeks (sites 3, 9, 12, 13, 15, 16, and 19). The results suggested
hat storing seeds for a period of time can help improve the total
d Products 45 (2013) 191– 199

germination of freshly harvested materials and agreed with obser-
vations on other weed species like Puccinellia (Tarasoff et al., 2007)
and Bromus (Del Monte and Dorado, 2011) as well as other arid zone
species (Commander et al., 2009). The increase in total germination
was not only observed in seeds stored for longer periods of time in
warm temperatures (25 and 35 ◦C), but also in those at 5 ◦C (35%
after 4 weeks storage compared to 73% after 8 weeks) suggesting
that cold dry stratification might have helped release dormancy in
lesquerella (see also Table 7 for summary).

Results of analyzing t50 values of seeds stored at the different
duration correlate with those presented previously using the total
germination values. The computed t50 of viable seeds among the
different storage periods were found to be significantly different
in the populations. Smaller t50 values, indicating a faster overall
germination, were observed after 12 weeks of storage. The t50 was
6.49 days at 4 weeks of storage then decreased with longer stor-
age duration; 5.57 days after 8 weeks and 3.88 days after 12 weeks
(Table 7). Similarly, a more uniform germination was  noted corre-
sponding to a longer storage period as indicated by the decrease in
U7525 values through time. At 4 weeks storage the U7525 was 5.58
days, 3.79 days after 8 weeks of storage, and just 1.93 days after 12
weeks.

3.1.5. Association of germination to environmental factors and
population parameters of parental plants

Among the climatic variables, population parameters (such
as plant density and population size), and the total germination
observed indicate that there are significant correlations in 35 of the
variable pairs. Positive correlations were found among total germi-
nation, harvest index, seed size, seed weight and soil water content
and availability, while negative among germination, population
density and population size, plant dry weight and precipitation.
None of these correlations however tested significant. In addition,
no significant correlation was  found between the observed total
germination and the other population and environmental parame-
ters enumerated, except to soil EC (r = −0.80). Soil EC is strongly
associated to soil texture and particle size and is known to be
related to other soil properties and crop yield. Sandy soils have
lower EC than those with high silt and clay components (Grisso
et al., 2009). The negative correlation supports previous reports
that lesquerella thrives better in well drained and sandy soils on
xeric environments (Rollins and Shaw, 1973).

Among the other parameters analyzed, there were significant
correlations between harvest index (HI) of large plants with water
availability at 100 cm (r = 0.72), GDD (r = 0.75), and average maxi-
mum temperature (r = 0.86). The seed yield and production of dry
matter in lesquerella was previously shown to be highly depend-
ent on available water during the flowering stage, as well as the
temperature range during the growing season (Dierig et al., 2006;
Hunsaker et al., 1998). Among the set of environmental variables
there were significant correlations between GDD and elevation
(r = −0.74), GDD and soil K (r = 0.80) as well as between GDD and
soil Mg  (r = −0.74).

Variation in germination in other species has been associated
with habitat characteristics (Baskin and Baskin, 1998; Bai et al.,
1997) and in some instances may  follow a clinal variation (Tieu
et al., 2001). This interpopulation variation has been reported in
a related species, P. ludoviciana, where germination rates were
described to be directly affected and vary by the population’s loca-
tion (Beach et al., 2001). In particular, the environmental condition
where the mother plant has been exposed to can have a marked
effect on the germination behavior of their offsprings, but this

has still to be fully understood in many species (Andersson and
Milberg, 1998; Evans and Cabin, 1995). Others presuppose that
apart from environmental factors influencing dormancy and ger-
mination, sib competition maybe more important in determining
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Table  9
Effect of gibberellic acid and storage duration on seed germination of conserved Physaria accessions stored at MgCl2.

Accession GA3 treatment Storage duration (weeks) Germinationa

Total (%) t50 (days) U7525 (days)

PI27650 GA3 4 72.54a 2.56b 1.36b
12  65.95a 2.76b 1.79ab

No  GA3 4 63.90a 3.68a 1.59ab
12 68.85a 4.18a 2.05a

PI293016 GA3 4 90.98a 3.04b 1.31a
12  86.55ab 2.93b 1.43a

No  GA3 4 81.55b 3.93a 1.02a
12  79.35b 4.02a 1.30a

PI299142 GA3 4 76.90ab 2.54b 1.09a
12 85.03a 2.61b 1.42a

No  GA3 4 65.63bc 4.05a 1.07a
12  60.02c 4.16a 1.48a

PI302490 GA3 4 60.53a 4.03a 3.05a
12  48.83a 3.91a 2.82a

No  GA 4 52.89a 4.39a 1.49b
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a Mean comparison per accession within columns by Student’s t,  ̨ = 0.05.

hese two related traits (Kobayashi and Yamamura, 2000). Only in
ne soil parameter we  did find a significant association of Physaria
otal germination and none with other environmental and geo-
raphic parameters, as well as population related variables such
s plant density in this study. This lack of significant relationship
etween population parameters and climatic gradients has been
eported on other plant species (Clauss and Venable, 2000). There
as no significant association between the total germination and

eed weight and size in all of our samples. This is in contrast with
hat was described in other species, where germination fractions
ighly correlate with seed size – those with bigger seeds have
igher germination fractions than populations with smaller seeds
Jurado and Flores, 2005; Bai et al., 1997). A controlled study in the
reenhouse or growth chamber may  need to be conducted using
ther accessions with substantial variation in seed size to further
erify this in lesquerella.

.2. Conserved accessions

In the accessions conserved ex situ (Table 2), differences
etween the total germination across seed batches after storage
ere observed in PI 302490, PI233016, and PI27650. A lower total

ermination after 12 week storage period was observed. The t50
mong seeds lots of each accession vary significantly as well as the
7525 values. The lower germination observed in older seed batches

s expected and frequently attributed to seed aging in seeds of
ther plant species (Martinkova et al., 2006; Clark and Moore, 1993;
askin et al., 1993). Seed aging results to changes in cell membrane
roperties resulting to poor viability and vigor (Sveinsdóttir et al.,
009; Khan et al., 2004).

.2.1. Effect of gibberellic acid on Physaria germination
Overall, the application of GA3 increased the total germination

f all seed lots significantly by almost 10% compared to without GA3
Table 9). The average total germination of seeds of the accessions
ith GA3 is 76.14% compared to 66.23% without. In addition, there is

horter time to reach t50 with GA3 application, compared to without
3.12 vs. 4.13 days). These observations are consistent with results
een in a previous study on other lesquerella species (Cruz et al.,
012; Puppala and Fowler, 2002).
Results from the different seed lots of each accession reflect
he aforementioned general observation of positive effects of GA3,
egardless of the age of the lot. Even in the seed lot of PI299142 har-
ested in 2000, there was an increase of 22% in total germination
32.65b 4.55a 1.98b

when GA3 was  used during germination. Among the accessions,
the highest average increase in total germination was  observed in
PI299142, with 18.13% increase across all seed lots, while the least
amount of increase was on PI27650 with just 2.87%. In all seed lots,
faster germination was noted when GA3 was applied and this is
indicated by lower t50 values. The largest decrease in t50 was 1.52
days observed in PI299142, which is a P. gordonii, when there was
GA3.

GA3 has been suggested as a possible seed pretreatment to elim-
inate the light requirement in Physaria seed germination and allow
synchronous germination during plant propagation (Puppala and
Fowler, 2002). However, GA3 application may affect the ensuing
plant morphology in lesquerella. Plants that developed from seeds
germinated with GA3 may  become taller and produce narrower
leaves, or have larger plant diameter (Cabin et al., 1997a; Evans
and Cabin, 1995). These results however have not been verified yet
in the field and could be the subject of a future study. If the effects
persist it could be an issue during germplasm characterization and
morphological trait evaluation because of altered plant architecture
and leaf morphology.

3.2.2. Effect of storage duration
Overall, there was  no significant difference observed in the total

germination of seeds of the conserved accessions stored at 4 weeks
and 12 week periods, regardless of GA3 application (Table 9). A
slight reduction in total germination was  observed after taking the
seeds from the cold storage and subjecting them to 12 week storage
at MgCl2 (Fig. 1). Compared to freshly harvested seeds, the seed lots
that have been in storage reached t50 at a shorter time and have
more uniform germination as indicated by lower U7525 values.

There was no consistent trend on the effect of storage duration
that can be associated with the different age of the seed lots. How-
ever, taking all seed lots of each accession into account, there was
an overall reduction in the total germination between the 4 and 12
week storage periods. The highest decrease was  in PI302490 (15%)
while the smallest in PI27650 (1%).

The above negative effects storage on seeds of the conserved
accessions are in contrast to what was  determined on the freshly
harvested seeds from the natural populations where significant
increases in the total germination was observed among the dif-

ferent storage periods. As previously presented, there were slight
increases in total germination of fresh seeds in the storage tempera-
tures, including those kept at 5 ◦C, suggesting that seeds slowly lost
dormancy even at cold temperatures. A similar case was  reported in
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ig. 1. Comparison of germination curves and germination parameters of seeds from
urations germinated without gibberellic acid.

alendula by Widrlechner (2007) when seeds stored in cold rooms
howed consistent increase in germination up to 6.5 years.

. Conclusions

We have demonstrated that the non-deep physiological dor-
ancy exhibited by seeds from natural populations of lesquerella

an be surmounted by storing the seeds in either cold or warm
ry conditions. Significant improvements in percent germination
f freshly harvested seeds stored for 12 weeks at 32.5–34.6% RH
ere obtained compared to those kept at shorter durations and

ower humidity conditions. This information will be useful in seed
roduction activities in the crop. The higher percent germination
btained by planting the freshly harvested seeds of lesquerella
nder an alternating temperature (15/25 ◦C) regimen and by using
A3 correlates with previous studies in the genus. There was no
ignificant correlation between germination and the climatic, soil,
lant and population-related parameters we used in this study,
xcept for soil electrical conductivity. Additional studies will be
onducted to further examine the significant differences in germi-
ation response between large and small plant groups in three sites
o see if these differences are maintained through time.

The after-ripening duration was found directly affecting the
ime to 50% germination in Physaria seeds with less time needed
fter a longer period of storage, and resulting to more uniform ger-
ination. Stored seeds of the cultivated Physaria however, did not

espond in the same magnitude as freshly harvested seeds suggest-
ng that they could have lost dormancy while in storage for more
han 5 years and have started to show effects of aging. The exact
ange of time when after-ripening will give no additional benefit
n increasing the total germination in Physaria seed lots remains to
e determined.
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Nuñez for help processing seeds, and Chris Richards for the valuable
suggestions during the conduct of this study.

References

Allen, P.S., Meyer, S.E., 2002. Ecology and ecological genetics of seed dormancy in
downy brome. Weed Sci. 50, 241–247.

Andersson, L., Milberg, P., 1998. Variation in seed dormancy among mother plants,
populations and years of seed collection. Seed Sci. Res. 8, 29–38.

Bai, Y., Booth, D.T., Roos, E.E., 1997. Effect of seed moisture on Wyoming big sage-
brush seed quality. J. Range Manage. 50, 419–422.

Baskin, J.M., Baskin, C.C., 1990. Seed germination biology of the narrowly endemic
species Lesquerella stonensis (Brassicaceae). Plant Species Biol. 5, 205–213.

Baskin, C.C., Baskin, J.M., 1998. Seeds: Ecology, Biogeography, and Evolution of Dor-
mancy and Germination. Academic Press, San Diego, CA, 667 pp.

Baskin, C.C., Baskin, J.M., 2000. Seed germination ecology of Lesquerella lyrata Rollins
(Brassicaeae), a federally threatened winter annual. Nat. Areas J. 20, 159–165.

Baskin, J.M., Baskin, C.C., 2004. A classification system for seed dormancy. Seed Sci.
Res. 14, 1–16.

Baskin, C.C., Chesson, P.L., Baskin, J.M., 1993. Annual seed dormancy cycles in two
desert annuals. J. Ecol. 81, 551–556.

Bass, L.N., Clark, D.C., 1973. Persistence of the dormancy-breaking effect of gibberel-
lic  acid on lesquerella seeds. Proc. Assoc. Off. Seed Anal. 63, 102–105.

Bass, L.N., Clark, D.C., Sayers, R.L., 1966. Germination experiments with seed of
Lesquerella spp. Proc. Assoc. Off. Seed Anal. 56, 148–153.

Batlla, D., Nicoletta, M.,  Benech-Arnold, R., 2007. Sensitivity of Polygonum aviculare
seeds to light as affected by soil moisture conditions. Ann. Bot. 99, 915–924.

Beach, S.E., Coons, J.M., Owen, H.R., Todd, B.L., 2001. Germination of Lesquerella
ludoviciana as affected by colony location and seed maturity. In: Proc. Environ.
Conf. (Univ. Illinois, Urbana-Champaign), p. 40.

Cabin, R.J., 1996. Genetic comparisons of seed bank and seedling populations of a
perennial desert mustard, Lesquerella fendleri. Evolution 50, 1830–1841.

Cabin, R.J., Evans, A.S., Mitchell, R.J., 1997a. Do plants derived from seeds that readily
germinate differ from plants derived from seeds that require forcing to germi-
nate? A case study of the desert mustard Lesquerella fendleri. Am. Midland Nat.
138,  121–133.

Cabin, R.J., Evans, A.S., Mitchell, R.J., 1997b. Genetic effects of germination timing
and  environment: an experimental investigation. Evolution 51, 1427–1454.

Carrera, E., Holman, T., Medhurst, A., Dietrich, D., Footitt, S., Theodoulou, F.L.,

Holdsworth, M.J., 2008. Seed after-ripening is a discrete developmental pathway
associated with specific gene networks in Arabidopsis. Plant J. 53, 214–224.

Casas, R.R.D., Kovach, K., Dittmar, E., Barua, D., Barco, B., Donohue, K., 2012. Seed
after-ripening and dormancy determine adult life-history independently of ger-
mination timing. New Phytol. (early view 08.03.12).



ops an

C

C

C

C

C

D

D

D

D

D

E

E

F

F

G

G

G

G

H

H

I
J

J

J

V.M.V. Cruz et al. / Industrial Cr

hen,  G.Q., Vang, L., Lin, J.T., 2009. Seed development in Lesquerella fendleri (L.).
HortScience 44, 1415–1418.

lark, J.R., Moore, J.N., 1993. Longevity of Rubus seeds after long-term cold storage.
HortScience 28, 929–930.

lauss, M.J., Venable, D.L., 2000. Seed germination in desert annuals: an empirical
test of adaptive bet hedging. Am.  Nat. 155, 168–186.

ommander, L.E., Merritt, D.J., Rokich, D.P., Dixon, K.W., 2009. The role of after-
ripening in promoting germination of arid zone seeds: a study on six Australian
species. Bot. J. Linn. Soc. 161, 411–421.

ruz, V.M.V., Romano, G., Dierig, D.A., 2012. Effects of after-ripening and storage
regimens on seed-germination behavior of seven species of Physaria. Ind. Crops
Prod. 35, 185–191.

el Monte, J.P., Dorado, J., 2011. Effects of light conditions and after-ripening time
on  seed dormancy loss of Bromus diandrus Roth. Weed Res. 51, 581–590.

ierig, D.A., Tomasi, P.M., Ray, D.T., 2001. Inheritance of male sterility in Lesquerella
fendleri.  J. Am.  Soc. Hort. Sci. 126, 738–743.

ierig, D.A., Adam, N.R., Mackey, B.E., Dahlquist, G.H., Coffelt, T.A., 2006. Temperature
and elevation effects on plant growth, development, and seed production of two
Lesquerella species. Ind. Crops Prod. 24, 17–25.

ierig, D.A., Wang, G., McCloskey, W.B., Thorp, K.R., Isbell, T.A., Ray, D.T., Foster, M.A.,
2011. Lesquerella: new crop development and commercialization in the U.S. Ind.
Crops Prod. 34, 1381–1385.

ierig, D.A., Wang, G.S., Crafts-Brander, S.J., 2012. Dynamics of reproductive growth
of  lesquerella (Physaria fendleri) over different planting dates. Ind. Crops Prod.
35,  146–153.

lmore, F.H., 1944. Ethnobotany of the Navajo. A Monograph of the University of
New Mexico and the School of American Research No. 8. The University of New
Mexico Press, Santa Fe, New Mexico, p. 49.

vans, A.S., Cabin, R.J., 1995. Can dormancy affect the evolution of post-germination
traits? The case of Lesquerella fendleri. Ecology 76, 344–356.

inch-Savage, W.E., Leubner-Metzger, G., 2006. Seed dormancy and the control of
germination. New Phytol. 171, 501–523.

oley, M.E., 2008. Temperature and moisture status affect afterripening of leafy
spurge (Euphorbia esula) seeds. Weed Sci. 56, 237–243.

alloway, L.F., 2001. The effect of maternal and paternal environments on seed char-
acters in the herbaceous plant Campanula americana (Campanulaceae). Am. J.
Bot.  88, 832–840.

ao, F., Jordan, M.C., Ayele, B.T., 2012. Transcriptional programs regulating seed
dormancy and its release by after-ripening in common wheat (Triticum aestivum
L.). Plant Biotechnol. J. 10, 465–476.

risso, R., Alley, M.,  Wysor, W.G., Holshouser, D., Thomason, W.,  2009. Precision
Farming Tools: Soil Electrical Conductivity. Virginia Cooperative Exten-
sion. Publication 442-508. http://pubs.ext.vt.edu/442/442-508/442-508 pdf.pdf
(accessed 03.01.12).

uri, A.Z., Patel, K.N., inventors. Plant Cell Technology, Inc., assignee. Compositions
and methods to prevent microbial contamination of plant tissue culture media.
United States Patent US 5,750,402 (May 12, 1998).

olm, L.G., Doll, J., Holm, E., Pancho, J.V., Herberger, J.P., 1997. World Weeds: Natural
Histories and Distribution. John Wiley and Sons, Inc., New York, NY, 1152 pp.

unsaker, D.J., Nakayama, F.S., Dierig, D.A., Alexander, W.L., 1998. Lesquerella seed
production: water requirement and management. Ind. Crops Prod. 8, 167–182.

STA, 1999. International rules for seed testing. Seed Sci. Technol. 27 (Suppl.), 1–333.
ernegan-Grant, M.C., Coons, J.M., Claerbout, A.E., Owen, H.R., 2008. Seed

biology—friend or foe to the endangered Physaria ludoviciana. In: Proc. Natu-
ral  Areas Conference at Nashville, TN, October 2008, http://www.naeppc.org/
08conference/posters/Jernegan.pdf (accessed 02.28.12).
oosen, R.V.L., Kodde, J., Willems, L.A.J., Ligterink, W.,  Van Der Plas, L.H.W., Hilhorst,
H.W., 2010. Germinator: a software package for high-throughput scoring and
curve fitting of Arabidopsis seed germination. Plant J. 62, 148–159.

urado, E., Flores, J., 2005. Is seed dormancy under environmental control or bound
to  plant traits? J. Vegetation Sci. 16, 559–564.
d Products 45 (2013) 191– 199 199

Khan, M.K., Iqbal, M.J., Abbas, M.,  Raza, H., Waseem, R., Ali, A., 2004. Loss of vigour
and viability in aged onion (Allium cepa L.) seeds. Int. J. Agric. Biol. 6, 708–711.

Kobayashi, Y., Yamamura, N., 2000. Evolution of seed dormancy due to sib compe-
tition: effect of dispersal and inbreeding. J. Theor. Biol. 202, 11–24.

Luzuriaga, A., Escudero, A., Perez-Garcia, F., 2006. Environmental maternal effects
on seed morphology and germination in Sinapis arvensis (Cruciferae). Weed Res.
46,  163–174.

Martinez-Ghersa, M.A., Satorre, E.H., Ghersa, C.M., 1997. Effect of soil water content
and temperature on dormancy breaking and germination of three weed seeds.
Weed Sci. 45, 791–797.

Martinkova, Z., Honek, A., Lukas, J., 2006. Seed age and storage conditions influence
germination of barnyardgrass (Echinochloa crus-galli). Weed Sci. 54, 298–304.

Naeem, M.S., Liu, D., Raziuddin, R., Wan, G.L., Tang, G.X., Zhou, W.J., 2009. Seed dor-
mancy and viability. In: Biology and Breeding of Crucifers. CRC Press, Boca Raton,
FL,  pp. 151–176.

Offord, C.A., Meagher, P., 2009. Plant Germplasm Conservation in Australia: Strate-
gies and Guidelines for Developing, Managing and Utilising Ex situ Collections.
ANPC and AuSCaR, Canberra, Australia, pp. 87–108.

Puppala, N., Fowler, J.L., 2002. Lesquerella seed pretreatment to improve germina-
tion. Ind. Crops Prod. 17, 61–69.

Rollins, R.C., Shaw, E.A., 1973. The Genus Lesquerella (Cruciferae) in North America.
Harvard Univ. Press, Cambridge, MA,  288 pp.

Smith, R.L., Smith, T.M., 2001. Ecology and Field Biology, 6th ed. Benjamin Cummings,
San Francisco, USA, pp. 163–180.

Susko, D., Cavers, J.P.B., 2008. Seed size effects and competitive ability in Thlaspi
arvense L. (Brassicaceae). Botany 86, 259–267.

Sveinsdóttir, H., Yan, F., Zhu, Y., Peiter-Volk, T., Schubert, S., 2009. Seed ageing-
induced inhibition of germination and post-germination root growth is related
to  lower activity of plasma membrane H(+)-ATPase in maize roots. J. Plant
Physiol. 166, 128–135.

Swank, G.R., 1932. The Ethnobotany of the Acoma and Laguna Indians. University
of  New Mexico, M.A. Thesis. Department of Biology, University of New Mexico,
Albuquerque, New Mexico, p. 52.

Tarasoff, C.S., Ball, D.A., Mallory-Smith, C.A., 2007. Afterripening requirements and
optimal germination temperatures for nuttall’s alkaligrass (Puccinellia nuttal-
liana)  and weeping alkaligrass (Puccinellia distans). Weed Sci. 55, 36–40.

Taylorson, R.B., Brown, M.M.,  1977. Accelerated after-ripening for overcoming seed
dormancy in grass weeds. Weed Sci. 25, 473–476.

Templeton, A.R., Levin, D.A., 1979. Evolutionary consequences of seed pools. Am.
Nat. 114, 232–249.

Tieu, A., Dixon, K.W., Meney, K.A., Sivasithamparam, K., Barrett, R.L., 2001. Spatial and
developmental variation in seed dormancy characteristics in the fire-responsive
species Anigozanthos manglesii (Haemodoraceae) from Western Australia. Ann.
Bot. 88, 19–26.

USDA-NRCS, 2011. Web  Soil Survey. USDA-Natural Resources Conservation Service
http://websoilsurvey.nrcs.usda.gov (accessed 09.04.11).

Veasey, E.A., Karasawa, M.G., Santos, P.P., Rosa, M.S., Mamani, E., Oliveira, G.C.X.,
2004. Variation in the loss of seed dormancy during after-ripening of wild and
cultivated rice species. Ann. Bot. 94, 875–882.

Wexler, A., Hasegawa, S., 1954. Relative humidity–temperature relationships of
some saturated salt solutions in the temperature range 0◦ to 50 ◦C. J. Res. Natl.
Bureau Stand. 53, 19–26.

Widrlechner, M.P., 2007. While they were asleep: do seeds after-ripen in cold stor-
age? Experiences with Calendula. Int. Plant Propagators Proc. 56, 377–382.

Widrlechner, M.P., Kovach, D.A., 2000. Dormancy-breaking protocols for Cuphea
seed. Seed Sci. Technol. 28, 11–27.
Wu,  Y.V., Hojilla-Evangelista, M.P., 2005. Lesquerella fendleri protein fractionation
and characterization. J. Am. Oil Chem. Soc. 82, 53–56.

Zeng, Y.J., Wang, Y.R., Zhang, J.M., 2010. Is reduced seed germination due to water
limitation a special survival strategy used by xerophytes in arid dunes? J. Arid
Environ. 74, 508–511.

http://pubs.ext.vt.edu/442/442-508/442-508_pdf.pdf
http://www.naeppc.org/08conference/posters/Jernegan.pdf
http://www.naeppc.org/08conference/posters/Jernegan.pdf
http://websoilsurvey.nrcs.usda.gov/

	Dormancy and after-ripening response of seeds from natural populations and conserved Physaria (syn. Lesquerella) germplasm...
	1 Introduction
	2 Materials and methods
	2.1 Natural populations
	2.2 Conserved accessions
	2.3 Statistical analysis

	3 Results and discussion
	3.1 Natural populations
	3.1.1 Comparison among plant sizes, biomass and species and corresponding germination response based on respective groupings
	3.1.2 Effect of different seed moisture contents and storage temperatures on the germination parameters
	3.1.3 Comparison of germination parameters between the two germination temperatures
	3.1.4 Effect of storage duration on germination
	3.1.5 Association of germination to environmental factors and population parameters of parental plants

	3.2 Conserved accessions
	3.2.1 Effect of gibberellic acid on Physaria germination
	3.2.2 Effect of storage duration


	4 Conclusions
	Acknowledgements
	References


